Introduction
Poor environmental conditions during road transport such as truck motion, noise, vibration, centrifugal forces, rapidly changing light conditions, changes in temperature, poor ventilation, and possible lack or shortage of water and food can be very stressful to animals and may potentially lead to tissue damage (Warriss et al. 1994) . Porcine stress syndrome (PSS) is a naturally occurring phenomenon and stress appears to be the sole causative factor (Riette et al. 1993) . The exact number of deaths due to PSS during road transport is not known. There are estimates that approximately 0.2% of all slaughter pigs die annually during transport in Germany (Schütte 1994 ), a total number of approximately 160,000 pigs. These figures show that poor road transport does not only affect the welfare of pigs, but it can also lead to considerable economic losses. Stress represents the reaction of a body to stimuli that result in the disturbance of its normal physiological equilibrium or homeostasis. Further, such disturbances are often associated with detrimental effects (Khansari et al. 1990) , if the stress impact is too high or if no adequate compensatory mechanisms are in place.
It is generally accepted that HSPs are molecular chaperones known to confer cellular tolerance to I/R injury (Donnelly et al. 1992; Currie et al. 1993; Arrigo 2000; Chiu et al. 2003; Wischmeyer et al. 2003; Gauthaman et al. 2005) . Any organism usually reacts by rapid gene transcription and subsequent mRNA translation in order to yield a class of highly conserved proteins known as heat shock proteins (Hsps) when exposed to harmful stimuli (Arrigo 2000) . The Hsp species which are usually expressed in animals under stress belong to a large protein family consisting of constitutively expressed and inducible members, which are classified according to their molecular weight (Locke et al. 1996; Liu and Steinacker 2001) . Evidence exists suggesting that these Hsps are also expressed in transported pigs (Bao et al. 2002; Yu et al. 2007 ). However, there seems to be large inter-species variation in the protein induction. For example, Hsp70 expression is known to be activated by several pathological and environmental factors (Kiang and Tsokos 1998) . In the small intestine of pigs, 30-min transportation has been shown to cause ischemia (Nabuurs et al. 2001) ; simultaneously, new depletion of Hsp70 expression in the cells occurred. This may indicate on the one hand that a sufficient induction of Hsp70 could have protected the myocardium from ischemia, and on the other hand that a decreased ability to express Hsp70 during homeostatic disruptions may be seen as a possible mechanism for the increased susceptibility of hearts to ischemic stress (Donnelly et al. 1992; Frier and Locke 2005) . Nevertheless, the precise function of the majority of these induced proteins remains unclear, although there is growing appreciation of the protective function of HSPs in the defensive mechanisms against tissue damage and their importance in many regulatory pathways. Furthermore, HSPs have become a focus of physiological research (Natelson et al. 1988; Li et al. 2006; Sepponen and Pösö 2006) .
However, the exact contribution of the pathophysiology of ischemic acute heart failure (AHF) and its mechanism remains elusive. In this study, the amount of Hsps from three different HSP families was measured in the heart tissue of transported and control pigs and compared with results from the measurement of conventional markers of stress. Additionally, the distribution of the Hsps in the myocardial cells of the animals was shown.
Materials and methods

Experimental design
A total of 13 pigs of the German Landrace line and weighing 35±1 kg were investigated, eight animals were transported and five served as the control, i.e., were kept under normal housing conditions. Temperatures in the animal house ranged between 18 and 23°C, the outside temperatures were from 14 to 24°C at the transport day (day time between about 8.00 A.M. and 4.00 P.M.). The animals were transported in a commercial trailer pulled by a van up to a period of 6 h (covering a 398-km stretch). The journey included equal periods of transport over local roads; including town traffic, state roads, and federal highways. Prior to transportation, blood samples were collected from all animals in the animal house. The second blood sampling was carried out at the half-way point after approximately 3 h of journey in the trailer. The third sampling was carried out at the end of the transport period in the trailer. After transportation, all animals were anesthetized on the lorry or in the animal house and brought to the operation centre. The samples from the heart were collected and the animals were immediately killed. The specimens for use in morphological studies were fixed in formalin and those for biochemical analysis were frozen in liquid nitrogen. The experiment was undertaken following the guidelines of the Regional Animal Ethics Committee.
Antibodies
The polyclonal antibodies for Hsp27 (C-20, sc-1048) and the inducible Hsp70 (K-20, sc-1060) were supplied by Santa Cruz Biotechnology, Inc. Their specificity for porcine Hsps has not been published. The polyclonal antibodies for the inducible Hsp70 (former Hsp72; SPA-812), polyclonal antibodies for Hsp86 (SPS-771; new name: Hsp90α), and monoclonal antibodies for Hsp90 (SPA-835; new name: Hsp90α and β) were supplied by StressGen Biotechnologies Corp. These antibodies are stated by the producer to react with the porcine protein isoform. For both Hsp86 and Hsp90 the previous names were still used in this paper.
Creatine kinase (CK)
The heparinized blood samples of the jugular vein were immediately transported to the laboratory then were centrifuged and separated. The blood plasma was aliquotated and stored at 20°C until the day of photometric enzyme analysis. CK was analyzed using commercial kits (CK-N-acetyl-cysteine Test-kit; Randox Laboratories, UK).
Histopathology
Formalin-fixed, paraffin-embedded heart tissues were serially sectioned into 5-μm sections; each section was routinely stained with hematoxylin and eosin and examined using light microscopy.
Immunohistochemistry
Serial sections of the heart tissues of both transported and control pigs were immunostained by the standard avidinbiotin complex (ABC) immunoperoxidase detection system.
Endogenous peroxidase was blocked using 3%H 2 O 2 for 30 min at room temperature. After washing three times for 5 min in Tris-buffered saline (TBS), the slides were then incubated in preheated 0.25% trypsin at 37°C for 15 min to facilitate the unmasking of antigens. Unspecific binding of the antiserum was blocked by incubating the sections for 20 min at room temperature in a blocking solution containing 20% normal rabbit serum (for Hsp70-sc-1060, Hsp90, and Hsp27) or goat serum (for Hsp70-SPA-812 and Hsp86). The sections were then incubated overnight at 4°C with a 1:25 dilution for the Hsp70-sc-1060 antibody; 1:400 dilution, Hsp70-SPA-812 antibody; 12.5 μg/mL dilution, Hsp86 antibody; 1:100 dilution, Hsp90 antibody; and 1:25 dilution, Hsp27 antibody. After washing three times for 5 min in TBS (500 mM NaCl, 20 mM Tris-Cl, pH 7.6), the slides were incubated for 60 min at room temperature with biotinylated secondary antibodies at 1:300 dilution in TBS (pH 7.1). Subsequently, the sections that were washed three times with TBS were incubated for 60 min in an ABC peroxidase solution, which was prepared according to the manufacturer's directions and again washed for three times for 5 min in TBS. The sections were then developed with 3-3′ diaminobenzidine tetrachloride (D 5059; Sigma Chemical Co.) in TBS supplemented with hydrogen peroxide. After washing two times for 5 min in TBS and once for 5 min in distilled water, the slides were counterstained for 15 s with Mayer's hematoxylin. The corresponding negative control sections were prepared by omitting antibody. Actin and desmin were used as positive controls.
Confirmation of Hsps expression by Western blot
Sample preparation The heart samples were pulverized using liquid nitrogen-cooled steel mortar. 1.0 g of each sample was homogenized with POLYTRON® PT 3000 (Kinematik AG) in 10 mL sodium dodecylsulfate (SDS)-containing sample buffer (10% glycerin; 3% SDS; 62 mM upper Tris; 5% mercapthoethanol). The homogenate was centrifuged at 5,000×g for 30 min. The supernatant fractions were denatured at 90°C for 10 min and stored at −30°C until electrophoresis.
SDS-PAGE A one-dimensional SDS polyacrylamide gel electrophoresis (1-D SDS-PAGE) was performed according to the method described by Laemmli (1970) ; the separating gel consisted of 10% polyacrylamide overlaid with a 4% stacking gel. Appropriate SeeBlue™ prestained standard proteins (Novex; Novel Experimental Technology) were co-electrophoresed. The samples were thawed on ice and heated again for 10 min at 90°C. An aliquot of 5 μL was mixed with 5 μL of the load mix and 20 μL sample buffer; vortexed and heated for 10 min at 90°C. The samples were centrifuged for 1 min to eliminate precipitates and 20 μL of the samples were carefully loaded on the slots. Electrophoresis was carried out at a constant current of 25 mA (50 V).
Protein transfer and immunoblotting Following the electrophoretic separation, the proteins were transferred on to nitrocellulose membranes (0.2 μm, PROTRAN® BA 883, Schleicher & Schuell) and stained by Ponceau S (SERVA). The nitrocellulose transfer membranes were washed three times for 10 min in TBS containing 0.1% Tween-20 (TrisBuffered Saline Tween-20 (TBST), pH 7.6) and blocked with a blocking solution containing 5% non-fat milk powder (NFDM) and 2% albumin fraction V (Roth, Karlsruhe) for 1 h. Blots were incubated with the appropriate primary antibody against Hsp70-sc-1060 at a 1:500 dilution; Hsp70-SPA-812, 1:20,000; and Hsp27, 1:1,000 for 2 h at room temperature; Hsp86 at 0.4 μg/mL and Hsp90 at 1:2,000 dilution were incubated overnight at 4°C in the blocking solution. After washing the blots three times for 10 min in TBST, they were placed in a blocking solution of specific peroxidase-conjugated secondary antibodies for 1 h. The blots were subsequently washed 2× 10 min in TBST and TBS. Chemiluminescence was detected using the ECL western blot detection kit (Amersham Pharmacia Biotek UK Limited). We calculated the densities of the Hsps in the western blots relative to its corresponding heart tissue β-actin as the difference.
Statistical analyses
Results are provided as mean±SD. Significant differences among data were determined by analysis of Student's t test procedures. P<0.05 was considered statistically significant.
Results
The CK concentration in the blood plasma was used to characterize the muscle fatigue and the stress encountered by the pigs kept under normal housing conditions as compared with those subjected to 6 h transportation. With the length of transport time, the values of CK increased in the blood samples obtained from transported pigs [before transport (P>0.05), half way (3 h, P<0.05), and after transport (6 h, P<0.01)] compared to the control pigs (Fig. 1) .
Histologically, slight granular degeneration of the cardiac muscle cells was observed in the heart sections of all transported pigs, whereas no marked lesions were detected in the control pigs. Immunostaining revealed the consistent presence of Hsps in the myocardial cells both in transported (Fig. 2) and control pigs. However, within the stained areas, not all cells were stained positively or to a similar extent. Hsp70 and Hsp27 appeared to be predominant in the cytoplasm. Hsp70 was most abundant in the myocardial cells and was present in rather high levels (Fig. 2a) . Approximately half of the myocardial cells showed slight intracytoplasmic labeling and few revealed sparse nuclear labeling by small granular Hsp72 particles (Fig. 2b) . In contrast, relatively stronger levels of Hsp27 proteins were detected in the myocardial cells (Fig. 2e) as compared to Hsp70. The intracytoplasmic signals of Hsp90 were most prominent in the myocardial cells; immunostaining of Hsp90 in the nucleus was relatively weak as compared to that in the cytoplasm (Fig. 2c) . A similar distribution of Hsp86 was observed in the cytoplasm and nucleus of the myocardial cells (Fig. 2d) . We did not specifically identify endothelial cells as a target. However, all for Hsps, Hsp70, Hsp86, Hsp90, and Hsp27, were identified immunohistochemically in the cytoplasm or nucleus of blood vessel (=Hsp90a) is detected preferentially both in the nuclei and in the cytoplasm of the myocardial cells. e Immunoreactive Hsp27 is observed to be preferentially present in the cytoplasm and to a limited extent in the nucleus of heart muscle cells. f Hsp70-sc-1060 identified in the blood wall and the endothelial cells endothelial cells as well as in the vascular wall of the heart from transported and control pigs (Fig. 2f) . Although Hsppositive cell types, including endothelial cells, were identified based on histomorphology, immunostaining revealed no marked variation between individual myocardial cells in transported and control pigs. The control sections incubated with secondary antibodies gave consistently negative results.
All four Hsps were regularly detected in the heart tissues of both the transported and control pigs (Fig. 3) . From these immunoblots, it appears that transportation may not have a distinct effect on the expression of Hsps in pigs. However, semi-quantitative analysis of Hsps expression reveals significant differences after normalized to its corresponding heart tissue β-actin (Table 1) . Transport stress significantly induced a drop in the levels of all four Hsps in the heart.
Discussion
Physiological responses to transport can be used to characterize the effort animals have to put in to cope with the associated stresses. Physical stress such as fatigue increases enzymatic activities in the blood (Klemcke 1994; Warriss et al. 1994 ) and the CK level in the blood plasma is a particularly good measure of physical stress. High CK levels reflect high physical exertion and, possibly, also suffering of the animals. Our data indicate that CK levels increase with the length of transport. The considerable variation of the results derived from both the control pigs and the transported pigs may have been caused by individual differences of the pigs and, despite careful management, by the blood sampling stress which was, however, the same for both groups. The differences in CK activity levels between control and transported pigs are significant both after 3 h (P<0.05) and 6 h (P<0.01) of transport which allows the assessment that the transported pigs were clearly exposed to physical stress.
The expression of the Hsp in the presence and absence of external stress indicates many potential roles for these proteins in physiologic adaptation (Kilgore et al. 1998) . Although the precise function of a majority of these induced proteins is still unclear, many Hsps, as molecular chaperones, provide cells with a mechanism to prevent damage caused by misfolded, damaged, aggregated proteins (Hightower 1991) . Several studies have shown that earlier experience with the stressor helps to improve induction (Donnelly et al. 1992; Marber et al. 1993; Yellon et al. 1992; Walker et al. 1993; van Ginneken et al. 2006) , transfection (Suzuki et al. 1997) , or overexpression of Hsp proteins if the stressor occurs again (Marber et al. 1995; Ooie et al. 2005; Gauthaman et al. 2005; Chiu et al. 2003) . It is known that Hsp induction, and particularly Hsp70, can protect the myocardium from ischemia and reduces the infarction size in mice (Wu and Tanguay 2006; Seok et al. 2007 ). Our immunoblot results show that all five Hsps are detected in the control pigs. After 6 h of transport all Hsp are reduced, possibly because of the increasing physiological demand for keeping body posture and the movement of the trailer. The semi-quantitative analysis (Fig. 3) shows that the levels of Hsp70, Hsp86, Hsp90 and Hsp27 significantly decrease in the heart tissues of 6 h transported pigs when the densities of the Hsps are compared to its corresponding heart tissue β-actin bands. One of the functions of the Hsp70 family protein Hsp73 is, other than thermoprotection, the clathrin uncoating ATPase activity (Chiang et al. 1989; Velez-Granell et al. 1994; Marruchella Fig. 3 Detection of Hsps in the heart of control pigs (C) and 6 h transported pigs (T). Densities of the Hsps in the western blots were normalized to its corresponding heart tissue β-actin as the difference. Here, only a part of the immunoblot that reacted with antibodies specific for Hsp70-sc-1060, Hsp70-SPA-812, Hsp86 (=Hsp90α), Hsp90 (=Hsp90a and βb), and Hsp27 is shown The values (means±SE) given for control and 6 h transport represent the ratio of densitometric scans from immunoblots to the β-actin content of the corresponding heart tissues. a Highly significant b Significant et al. 2004). Elevated Hsp70 concentrations are closely related to slower rates of adenosine triphosphate depletion (Wang et al. 1996) . There is also some evidence that Hsp70 proteins can have regulatory roles as translocases (Deshaies et al. 1988 ) and molecular chaperones (Yamamoto et al. 1987) , which are active in intracellular protein processing and trafficking. Perrault et al. (1996) studied the effects of ischemic preconditioning in cardiac patients and concluded that such interventions may be potentially harmful to the patient. There is obviously a need for the development of additional, less damaging methods of in vivo Hsp70 induction that may be exploited clinically. The major stress inducible Hsp (Hsp70) confers myocardial protection from ischemia (McGuinness et al. 2006) . The Hsp kDa family of HSPs displays important functions like stabilizing target proteins in unassembled state (David and Grongnet 2001) . However, it cannot be excluded that the abundant Hsp70 reaction can be influenced by cross reactivity with other Hsp members. Hsp27 has been found to be associated with the cytoskeleton and the regulation of actin filament dynamics via different signaling pathways (Arrigo 2000; Lavoie et al. 1995) . The shortage of Hsps and associated lesions in the myocardium may cause electromechanical dissociation, resulting in acute heart failure and can lead under poor environmental and management conditions even to death. The apparent molecular mass of Hsp90 is markedly reduced in the hypertrophic cardiomyopathyaffected tissues of pigs that died due to PSS (Lee et al. 1996) . The different expression pattern observed may have functional significance. Stabilizing the intracellular protein structure may be considered a possible mechanism. By immunohistochemical analysis, more than half of the myocardial cells showed intracytoplasmic labeling and few revealed sparse nuclear labeling by Hsp70. Hsp70 was the most abundant Hsp in the myocardial cells of both groups of investigated pigs and was present at significantly higher levels in the cytoplasm of the myocardial cells. Comparatively, rather weak signals of Hsp70 were detected in the myocardial cells using the porcine specific antibody Hsp70-SPA-812. The differences in amount of staining may be due to several possibilities, including recognition of different epitopes on inducible Hsp70 which may be differentially available for binding by the polycolonal antibodies or possibly detection of epitopes on both inducible Hsp70 and constitutive Hsc70 by the Hsp70-sc-1060 antibody. In view of its abundant and uniform distribution in the cytoplasm, it is assumed that the principal function of Hsps would be carried out by Hsp70. It is well known that cells exposed to a large variety of stressful stimuli typically show a translocation of HSPs70 from cytoplasm to nucleus, and particularly to the nucleolus, where such molecules may then exert their cytoprotective functions (Dastoor and Dreyer 2000; Kiang and Tsokos 1998; Li et al. 2006) . Our immunohistochemical results also revealed that Hsp90 and Hsp86 were expressed both in the cytoplasm and in the nuclei of myocardial cells. The nuclear immunoreactivity pattern observed may have resulted from cellular redistribution of both Hsp90 and Hsp86, indicating functional significance. There is evidence that the selectively expressed Hsp90 and Hsp86 are involved in transducing a signal or signals for transcription of genes that encode a protein or proteins required for protection against stress (Kilgore et al. 1998 ). Hsp27 was observed in muscle tissue only, while the other Hsp family proteins (the Hsp70 family and the Hsp90 family) were distributed in all cells of the heart. It is known that Hsp27 is usually expressed in heart muscle tissues under normal conditions where its function can be modified by different cell mechanisms operating either on their expression or their structure depending on cellular localization (Michaud et al. 1997; Anastasiya et al. 2005 ).
Immunostaining did not reveal any marked variation among individual cells, including endothelial cells obtained from both transported and control pigs. The immunoblot findings suggest that the levels of Hsp70, Hsp86, Hsp90, and Hsp27 investigated in this experiment decreased as the 6-h-long journey progressed. This may indicate that with the length of journey, the protection of the cardiac muscle cells by the Hsps is diminished and may result in hypoxia from blood vessel constriction. It is known that animal's stress response declines over time in response to repetitive exposure to identical stressors (Klemcke 1994; Natelson et al. 1988) . Whether Hsps are playing a role in these adaption processes and whether the decreased level of certain Hsps indicate a damage and/or overuse and whether Hsps actually protect heart tissue from damage and/or overuse should be further investigated in greater detail.
Cardiovascular diseases are a leading cause of morbidity and death in modern fattening pigs. Several studies in animal models have documented the cytoprotective activity of Hsps against ischemia and reperfusion-associated damage in the heart (Wu and Tanguay 2006; Seok et al. 2007) . By immunohistochemical analysis in the endothelial cells and in the wall of the heart blood vessels, Hsp70 and Hsp27 were intracytoplasmically detected. However, Hsp86 and Hsp90 were observed intracytoplasmically or intranuclearly, or both. It may imply that the endothelium reacts to ischemia and hypoxia by expressing Hsps. It is known that human saphenous vein contains significantly higher levels of Hsp27 and pHsp27, and increased levels of phosphorylated Hsp27 might contribute to vasospasm (McLemore et al. 2004 (McLemore et al. , 2005 . In ischemia, Hsp90 appears to be associated with hypoxia through several factors including hypoxia factor 1α (Gradin et al. 1996) and involved in artery pressure in the piglet (Viswanathan et al. 1999 ). The reduction of Hsps levels in the myocardium may cause susceptibility to acute heart failure. This may be one reason for the sudden death of pigs during transportation. Whether these mechanisms associated with transport stress have an effect on the development of diseases in young pigs, which are frequently observed after transportation from breeding farms to fattening units, need further attention. The results clearly show the necessity to further reduce stress during pig transport in order to improve the welfare of the animals and to reduce economic losses.
